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Errata Sheet

1. Page vi; delete:
“Appendix D Traction AnalySiS .....ocveeieiiieineeniaciuiinieiieecencnscncneecennns D1”

2. Page 22; first sentence in last paragraph of 4.2 (Collecting), change to:
“The operation, advantages, and disadvantages are discussed.”

3. Page 28; second to last sentence on page, change to:
“In addition to transporting regolith, the conveyor belt can be used to transport the
maintenance crew and life support supplies to and from the excavation site.”

4. Page 39; second to last sentence on page, change to:
“Depth is varied by rotating a helical pinion on an input shaft to move the rack gear
shown in Figure 24 up or down.”

5. Page 48; second to last sentence on page, change to:

“At the processing plant, a hydraulic jack will tilt the transportation bin to unload
the regolith.”

6. Page 55; second sentence on page, change to:
“...(see Appendix D in the Supplemental Report, which discusses traction).”

6. Page 62; first two sentences of 6.2 (Power Requirements), change to:
“The power required for the scarifier/conveyor equipment to operate is about 22
kW. The power required for the transportation equipment to operate when fully
loaded is about 35 kW.”

7. Page 63; third sentence of 6.5 (Operation), change to:
“If necessary, the second MDU can push the scarifier/conveyor MDU to provide
extra traction.”

8. Page C29; first sentence of last paragraph, change to:

“Since the target regolith excavation rate is constant at 62.5 m3/hr, varying the belt
speed of the conveyor varies the Q value.”

9. Page C30; second sentence of last paragraph, delete sentence.

10. Page C30; second to last sentence of last sentence, change to:
“The dimensions were chosen to...”

11. Page C37; last sentence of C.3 (Transporter), delete second period.

12. Page C38; last line, change to:
“The total force required to propel the MDU-Bin, F, is”

13. Page C42; last word, change to:
“Opel‘ate”

14. Page C51; delete all text between Tables C7 and C8.
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Abstract

Conceptual Design of Equipment to Excavate and Transport
Regolith from the Lunar Maria

NASA hopes to have a manned lunar outpost completed by 2005. In order to establish
the base, regolith must be excavated from the lunar surface. Regolith will be used as a source
for life-supporting elements and as radiation shielding for the lunar outpost. The design team
from the University of Texas at Austin designed excavation and transportation equipment for
initial operations of the lunar base. The design team also characterized the elements to be found
in the regolith and determined the power required to excavate regolith.

The characterization of the soil was based on a literature review of lunar geography.
Power requirements for excavation were developed by adapting terrestrial equations for
excavation power requirements and adapting them to lunar soil conditions.

The design of the excavation and transportation equipment was broken into three
functions: loosening, collecting, and transporting. A scarifier was selected to loosen, a bucket
conveyor was selected to collect, and a load-haul system was selected to transport. The
functions are powered by a modular fuel cell powered vehicle that provides power for motion
of the equipment.

KEY WORDS: LUNAR BASE, LUNAR EQUIPMENT, REGOLITH, EXCAVATION
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Introduction

In 1958, the United States Government commissioned the National Aeronautics and
Space Administration (NASA) to research topics related to the exploration of space. Since
that time NASA has, among other accomplishments, sent six manned missions to the
moon, launched numerous satellites into orbit, and landed a spacecraft on Mars. Currently
NASA is working to develop a manned lunar outpost. This outpost is needed to help
correct the irreversible depletion of terrestrial resources. The outpost Will also be an ideal
site for conducting scientific research and developing new technologies.

NASA hopes to have the manned outpost completed by 2005.! The cost of the
outpost must be minimized since NASA has limited financial resources. Because the cost
of transporting payload to the moon is about $33 million/metric ton, the cost of the outpost
can be reduced by fabricating products from material available on the lunar surface.?
However, the material on the moon must be excavated, transported to a processing plant,
and processed in order to produce lunar-made products. The excavation and transportation
of the lunar materials will require highly spccializcd equipment. The task presented to the
design team from the University of Texas at Austin by NASA and the Universities Space
Research Association (USRA) is to develop innovative designs for equipment to excavate

and transport lunar regolith.
1.1 Background

Lunar regolith, which is the material covering the outer surface of the moon, will be
excavated initially for radiation shielding of the lunar habitat and as raw material for
building structures. For these uses, the regolith can be used as-excavated. Once the habitat

is constructed, however, regolith must be processed to obtain oxygen, hydrogen, and



metals. Oxygen and hydrogen will be needed for life support and fuel while metals will be

needed for structural and machine components.3
1.2 Project Requirements

There are four requirements for the project as defined by NASA/USRA. They are
as follows:

1) Characterize the elements to be found in the lunar regolith.

2) Conceptually design the equipment needed for mining operations.

3) Determine the power @uﬁed to excavate regolith.

4) Construct a demonstration model of the equipment that illustrates the
configuration and operation of the design.

1.3 Design Criteria
The following is a list of criteria that the equipment design must meet. The list was

based on research into the lunar environment and previous lunar equipment designs.

1. The equipment must be multipurpose. Multipurpose equipment performs the
functions of several single purpose machines, which decreases the amount
of equipment needed.

2. i . Modular components can be used on more
than one machine and can be easily replaced.

c ¢. Mass and volume must
be mlmmlzed to rcduce the cost of transportmg the equlpment to the moon.

; AVE jon. There is little power
avaxlablc on the moon S0 its use must be minimized. Most of the available
power is necessary for life support.

5. The equipment must have simple components. Simple components are easier to
produce, assemble, maintain, and repair than complicated components.



v e1. Manpower for excavation
must be mmumzed to reduce human exposm'e to the lunar environment and to
free the lunar base crew for other tasks, such as exploration and scientific
experimentation.

7. The equipment must be safe to operate. The safety of the lunar base crew is a

primary concern.

cqulpmcnt must function well in an abraswe ermronment at extreme
temperatures, in a vacuum, and under constant radiation.

9. The equipment must be economical. Production and maintenance costs for the

equipment must not be excessive.

10. The equipment must be reliable. Replacement parts must be transferred from
Earth, making the repair of broken equipment difficult.

1.4 Methodology

The design team researched the lunar environment, the structure of the lunar
surface, and previous lunar vehicle designs. The characterization of the lunar soil was
based on this research. The characterization consists of a discussion of the primary
elements present in the lunar surface and in what quantities they are available.

The excavation and transport equipment was broken into the following functions:
loosening, collecting, and transporting. Several design alternatives were formulated for
each function. These design alternatives were then evaluated in decision matrices and the
best alternatives for each function were combined into a final design solution.

The approach outlined above was chosen since the design was basically conceptual.
The design team emphasized the conceptual nature of the design because NASA is currently
more interested in collecting ideas for solutions than actual detailed solutions.4

To determine the power required to excavate the regolith, the design team reviewed
literature on the phyéical properties of the lunar surface. The team used these properties to
determine the cutting force required by the loosener.5 This force was multiplied by the

velocity of the equipment to determine the power needed. The power for the collector was



determined by adapting an equation for terrestrial equipment power requirements to apply
for lunar equipment.5 The power for the transporter was determined by multiplying the
friction force on the wheels by the velocity of the transporter.

The design team is now constructing a demonstration model that illustrates the
working principles and overall configuration of the final design. The design team will

contract a machinist to complete what the team cannot do itself.



Regolith Characterization

The characterization of the regolith is divided into two sections. The first section
discusses the mechanical properties of the regolith. Properties directly affecting the
excavating process are emphasized. The second section discusses the composition of the
lunar‘ regolith by denoting the elements to be found in regolith and discussing the target

elements for excavation.
2.1 Mechanical Properties

Regolith is a highly compact layer of material that covers the lunar bedrock. A core
sample of regolith from the Apollo 15 mission varied in density from 1.38 g/cm? at the
surface to 2.15 g/cm3 at 242 cm.” The porosity of the lunar regolith ranges from forty-one
to seventy percent. The range for porosity is high due to the abundance of irregularly
shaped glass particles found in the regolith. The density of the regolith can be

approximated by the expression
p =po +k In(z+1) (1)8

where po is the surface density, k is the regolith density gradient with respect to depth, z is
the depth, and p is the density at a depth z. A plot of the bulk density at two Apollo 15 sites
is shown on the next page in Figure 1.

The depth of regolith in a particular area on the moon can be estimated by
examining the concentration of craters in the area. A more densely cratered area will have a

greater depth of regolith. The flat regions of the moon, called maria, have an average
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Figure 1. VARIATION OF LUNAR REGOLITH BULK DENSITY WITH DEPTH.
The sectioned areas show the actual density variations and the smooth lines
show the curve-fit given by Equation 1.2

depth of five meters. The average depth in heavily cratered areas, called highlands, is ten
meters.10

Cohesion of the lunar regolith is low. Cohesion ranges from 0.5 to 3.6 kN/m3 and
is typically 1.6 kN/m3. The internal angle of friction of the regolith ranges from 30° to
60°.11 Cohesion is low because there is no moisture on the moon. The cohesion that is
present is caused by mechanical interlocking of the irregularly shaped regolith particles.
Since there is no weathering on the moon, particles do not become smoothed as they do on

Earth. The distribution of particle size of the regolith is shown in Figure 2.
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Figure 2. DISTRIBUTION OF PARTICLE SIZE IN REGOLITH12

2.2 Composition

Table 1 lists the most common lunar elements and gives their abundances. Helium-
3 may be the only true economic ore on the moon. Helium-3 is economically significant
since it is a possible fuel for nuclear fusion.!3

Solar-wind implanted hydrogen and helium are present in the lunar regolith in
relatively small quantities. Ilmenite, a mineral available on the moon, acts as a sponge to
absorb these elements. Therefore, ilmenite content is the best indicator of hydrogen and
helium content. Ilmenite also contains the most easily recoverable oxygen. The ilmenite

with the highest concentrations of oxygen, hydrogen, and helium occurs in the maria.



Since these elements will likely be the most valuable elements to be mined on the moon,

ilmenite will be the most important mineral on the lunar surface.4

Detailed discussions of the element and mineral content of the lunar regolith are

available in the literature.15.16

Table 1

Element Abundances on the Moonl?

Percent of Atoms Weight Percent of Oxides
Average Average
Element Mare | Highland | Surface | Mare | Highland | Surface
o 60.3 61.1 60.9
Na 0.4 0.4 0.4 0.6 0.6 0.6
Mg 5.1 4.0 4.2 9.2 7.5 7.8
Al 6.5 10.1 9.4 14.9 24.0 22.2
Si 16.9 16.3 16.4 45.4 45.5 45.5
Ca 4.7 6.1 5.8 11.8 15.9 15.0
Ti 1.1 0.15 0.3 3.9 0.6 1.3
Fe 4.4 1.8 2.3 14.1 5.9 7.5




Preliminary Considerations

Before the design alternatives were formulated, the design team had to consider
three issues. These issues were the lunar environment, the material to excavate, and the

type of equipment motion.
3.1 Lunar Environment

The major characteristics of the lunar environment affecting equipment operation are

the following:

1) Surface Temperatures

2) Vacuum

3) Radiation

4) Gravity

5) Dust Particles

6) Surface Coefficient of Friction
7) Diumal Cycle

These environment characteristics and the problems they cause for lunar equipment

are discussed below.

3.1.1 Surface Temperatures
The temperature of the lunar surface varies from 127 °C at lunar noon to -173 °C
just before lunar sunrise.!® Because of the wide temperature range, the equipment must be

made of materials that have low thermal expansion to reduce thermal stresses.



The low temperatures during the lunar night greatly increase the likelihood of brittle
fracture in metals. Therefore, the excavation and transportation equipment will operate
during the lunar day only. The high temperatures during the lunar day necessitate the use

of a cooling system on the equipment.

3.1.2 Vacuum

The negligible atmospheric pressure on the moon causes fluids to vaporize if they
leak from the equipment. However, a benefit of the vacuum is that the lack of air drag will
make equipment more power efficient.

The lack of oxygen in the atmosphere retards corrosive wear of equipment parts that
are not in contact with the lunar surface. Regolith is sixty percent oxygen by weight,
however, so equipment parts that contact the regolith must be made of materials that are
insensitive to oxidation.

Another effect of the lunar vacuum is that meteorites continually bombard the lunar
surface since there is no atmosphere to burn up the meteorites. Most of the meteors have
masses between 10-7 to 10-2 grams and are called micrometeorites. Particles in the 104 to
102 gram range do the most damage to the lunar surface because of their relatively high
velocity (20 km/sec).19 In addition to the smaller particles, between 70 and 150 impacts
from meteorites in the 0.1 to 1000 kilogram range are recorded on the lunar surface each

year.20 Lunar equipment must be protected from these meteorite impacts.

3.1.3 Radiation

The lunar surface is subject to intense radiation since there is no magnetic field on
the moon to deflect incoming charged particles. The radiation comes from two main
sources: solar flares and galactic cosmic rays (GCRs). Solar flares are periodic bursts of

energy from the sun that can yield radiation doses up to 960 rem.2! Since a dose of just
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450 rem is lethal to fifty percent of the population within thirty days of exposure, the lunar
base crew must be protected from radiation.22 GCRs are rays from interstellar sources that
provide a continuous radiation flux to the lunar surface. GCRs produce a much lower dose
than solar flares, but have higher energy. GCRs will cause unprotected materials to

embrittle.

3.1.4 Gravity

The gravitational acceleration on the lunar surface is 1.625 m/sec?, or about one-
sixth of Earth’s gravity.22 Low gravity adversely affects vehicle traction on the moon. For
the same surface conditions, a vehicle must be six times more massive on the moon than on

Earth.

3.1.5 Dust Particles
The top few centimeters of the lunar surface is composed of electrostatically
charged dust particles that are abrasive. Because of their charge, the dust particles cling to

all surfaces.

3.1.6 Surface Coefficient of Friction

External surfaces on the moon have a higher coefficient of friction than on Earth.
The higher coefficient of friction occurs because there is no layer of water vapor to lubricate
mating surfaces on the moon. Mating surfaces mechanically interlock to increase the force

necessary to cause relative movement.
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3.1.7 Diurnal Cycle
The lunar diurnal cycle has fourteen earth days of sunlight and fourteen earth days
of darkness.24 Since the equipment must work continuously during the lunar day, a

fourteen earth day power supply must be available for lunar equipment.
3.2 Material to Excavate

The selection of the material to excavate includes considering what type of material
should be excavated, how much material should be excavated, and in what type of terrain

the excavating should take place.

3.2.1 Type of Material

There are two main types of material to excavate on the modn: regolith and
bedrock. Both the regolith and bedrock contain minerals that will be valuable to the lunar
base. Bedrock has a higher concentration of ilmenite. However, regolith is easier to
excavate. Regolith will also be needed for radiation shielding of the lunar habitat and as
raw material for building structures.

The design team concentrated on excavating regolith because there will be a need
for regolith excavation throughout the existence of the lunar base. In addition, the regolith
excavating equipment can be used to remove the regolith above bedrock and to move
loosened bedrock. The transport equipment can be used for both bedrock and regolith
excavation.

The quantity of regolith that will need to be excavated from the maria is 62.5 m3/hr.
This volume is derived and discussed in Appendix A.



3.2.2 Type of Terrain
Regolith is found both in the highland and marial regions. While the highlands
contain a higher percentage of useful minerals, the terrain of the higﬁlands makes it difficult
to establish a base and to excavate regolith. For these reasons, it is likely that the lunar
outpost will be located in a marial rcgion.z-‘;
The excavation site will be near the lunar outpost to reduce the amount of energy
required for transportation of the regolith. Therefore, the design team chose to concentrate

on the excavation of regolith in the marial regions.
3.3 Equipment Motion Type

Two types of equipment motion were considered. The first type is whether the
equipment motion would be continuous or discrete and the second type is whether the

motion would be random or organized into rows.

3.3.1 Continuous vs. Discrete Motion

The motion of the equipment could be either discrete or continuous. Discrete
motion is accomplished by equipment such as backhoes, draglines, and bulldozers.
Discrete volumes of material (in this case regolith) are collected and then loaded into a
storage area, such as the back of a dump truck. During the loading process, no collection
of material can take place. This system is inefficient since only one process can take place
ata time. Also, energy is wasted moving the collecting device to the regolith storage area,
which is often on a separate piece of equipment.

With continuous equipment, the excavated material is moved continuously to a
storage area that moves with the collecting equipment so that no stopping and starting of the

collecting equipment is necessary. A minimum amount of energy is used transporting the
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material from the collecting device to the storage area. The design team concentrated on
continuous motion since it is more efficient. The load-haul-dump system, which has

discrete motion, is also discussed because of its prevalence in terrestrial excavation.

3.3.2 Random vs. Organized Motion

The motion of the equipment could be either organized or random. The most
common organization of motion is into rows. Motion in rows is used in farming for
plowing fields and collecting crops. Since only one pass over the field needs to be
performed, this method ensures that the entire field is covered in a minimum amount of
time. However, in a mining procedure where an area is covered many times, the
equipment no longer needs to be constrained to move in rows and may move randomly.
The main advantage of random motion is that it is easier to automate. The equipment can
move randomly over the surface using either discrete or continuous motion. When an
obstacle is encountered, the equipment can turn and move in another direction. Equipment
moving in rows, on the other hand, is constrained to move in one direction. When an
obstacle is encountered, outside intervention is necessary for the system to continue
motion.

Random motion has several disadvantages. First of all, variations in the height of
the surface can occur that may develop into ruts. These ruts may cause the equipment to
get trapped and travel only in the ruts. Another disadvantage is that the lunar crew will not
know exactly where the excavation equipment is at all times. Finally, random motion is not
a proven method of excavation. NASA wants to use proven methods of excavation at the
lunar outpost to avoid unforeseen problems.26

Due to the reasons listed above, the design team decided to concentrate on motion in

rows that is continuous.
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3.4 Power Module

The team has designed a modular Main Drive Unit (MDU) to provide mobility for
the loosening, collecting, and transporting function modules. The alternative designs
presented are modular attachments to the MDU that can be attached or detached as needed.
Section 5.5 discusses the MDU in detail.
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Design Alternatives

The two main functions that terrestrial excavation systems must accomplish are
collection and transportation. However, overall power consumption of the lunar
excavation process can be reduced by having a separate regolith loosening step. Therefore,

the three excavation steps required on the moon are

1) Loosening
2) Collecting

3) Transporting

Loosening breaks up the regolith to make collecting easier. Collecting is the
picking up of regolith from the surface. Transporting is the moving of collected regolith

from the excavation site to the processing plant.

4.1 Loosening

Four options for loosening were considered. These options are

1) Bladed Roller
2) Explosives
3) Auger

4) Scarifier

Each loosening alternative is discussed in this section. Included is a short

description of how each alternative functions and its advantages and disadvantages.
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4.1.1 Bladed Roller

The first alternative for loosening is the bladed roller shown in Figure 3. The roller
itself is an adaptation of a compacting drum suggested for use in lunar road construction.’
The adaptations are shown in Figure 4. By putting channels in the compacting drum, the
drum can be used with bladed attachments to loosen regolith or with flat attachments to
compact roads. The blades on the roller can be curved or straight. Straight blades require
less power, but curved blades disrupt the surface more. The roller must have enough
weight to keep the blades in the lunar surface. A bin full of lunar rocks is placed above the

roller to achieve the required weight. The bladed roller turns freely and does not require

Direction of Travel
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Lunar Rocks

Weighting Bin —/

Figure 3. BLADED ROLLER
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Compacting Drum

Roller Channel

Figure 4. ADAPTATION OF ROAD COMPACTING DRUM FOR BLADED ROLLER

separate power transmission from the power module. Friction between the blades and the
lunar surface causes the roller to turn.

The most important advantage of the bladed roller is that it is multipurpose. The
bladed roller can be used in road construction with minimal modifications. Because no
gear arrangement is required to power the roller, there are few moving parts. The bladed
roller also uses simple components, has low power consumption, and is reliable.

The main disadvantage of the bladed roller is that it may not loosen effectively. The
roller must be heavily weighted to maintain a constant depth of cut, which will increase the
force resisting forward motion of the power vehicle. This will cause the power vehicle to

lose traction.
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Lunar Surface

I—-— Buried Charge

Figure Sa. EXPLOSIVE LOOSENING ON LUNAR SURFACE

Crater Wall

Buried Charge

Figure 5b. EXPLOSIVE LOOSENING ON CRATER WALL

4.1.2 Explosives
The second alternative for loosening is explosives. The explosives are detonated by
an electrically-triggered chemical reaction. Explosive loosening for surface mining can be
accomplished by burying the explosives in a grid pattern to make shallow craters on the

surface (see Figure 5a). Explosive loosening in the heavily cratered highlands can be



accomplished by explosively shearing the sides of large craters and collecting the fallen
regolith (see Figure 5b).

The main advantage of using explosives to loosen is that they are multipurpose.
Explosives can be used to make craters for the lunar habitat and the planned lunar nuclear
reactor. In addition, explosives can be used to excavate bedrock.

The first disadvantage of explosives is that an explosives specialist is needed to plan
the layout for the explosives grid and to determine the optimum depth-of-burial for the
charges. Another disadvantage is that explosives are potentially dangerous. The
explosives eject material at high velocities, which can harm both people and equipment. A
final disadvantage is that explosives are untested on the moon. Lunar conditions may

produce unexpected results for explosive loosening.

4.1.3 Auger

The auger, shown in Figure 6, is the third alternative for loosening. The auger can
be either stationary or rotating. The blades are oriented so that regolith is churned into a
central aisle. If the regolith were moved to an aisle on the side, the loosener would need to
maintain a balancing torque to compensate for the torque applied by the regolith.
Organizing the regolith into an aisle allows for easier collection. The rotating auger is
powered through a transmission link from the power vehicle.

One advantage of the auger is its ability to loosen regolith effectively when rotating.
The stationary auger does not loosen as effectively, but is more reliable due to fewer
moving parts. A disadvantage of the auger is that it is not multipurpose since it is only

useful for loosening regolith. Also, the power requirement for the rotating auger is high.
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Figure 6. AUGER

4.1.4 Scarifier
The scarifier is a platform of blades that is dragged along the ground as a rake (see
Figure 7). The blades are pushed into the ground by its own weight and by the force of the

Direction of Travel

Rake Platform

.......

Figure 7. SCARIFIER



soil on the blades. A bin that holds regolith can be added above the platform to increase the
weight of the scarifier and thus help loosening.

An advantage of the scarifier is simplicity. The scarifier also has no moving parts,
low mass, and low power use. A disadvantage of the scarifier is that it is not multipurpose

since it has no uses other than loosening of the surface regolith.
4.2 Collecting

Once the regolith has been loosened, it must be collected from the lunar surface.
The collector gathers the regolith and loads it into a storage area, such as a bin or bag.

Four alternatives for collectors were considered. These alternatives are

1) Conveyor Belt

2) Inclined Plane

3) Bucketwheel

4) Front End Loader

The operation, advantages, and disadvantages of each collector is discussed. The
front end loader will not be discussed in this section, but will be discussed in transporting

as part of the load-haul-dump transportation system.

4.2.1 Conveyor Belt

The conveyor belt alternative consists of a conveyor belt attached to the front of a
collecting bin as shown in Figure 8. Placing the conveyor close to the storage area allows
for a conveyor of minimum length, which reduces the number of moving parts and mass of

the conveyor. The forward movement of the system forces regolith onto the conveyor belt.
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Figure 8. CONVEYOR BELT COLLECTOR

An advantage of conveyor belts is that they are well tested on Earth and so should
be reliable. However, the conveyor belt collector has several disadvantages. The conveyor
has a number of moving parts and does not use simple components. A major drawback of
this design is the complexity of transmitting power from the modular power source to the

conveyor.

4.2.2 Inclined Plane

Three variations of the inclined plane were considered for collecting. The
advantages and disadvantages common to the three variations will be discussed collectively
at the end of this section.

The first variation is shown in Figure 9. An inclined plane is attached to the front
of a collector bin. When the collector moves forward, the pre-loosened regolith moves up

the inclined plane until it falls into the bin.
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Direction of Travel

Regolith Bin Inclined Plane

Figure 9. INCLINED PLANE WITH COLLECTOR BIN

Figure 10 shows the second variation. This option combines the inclined plane and
conveyor belt collecting alternatives. The forward motion of the collector pushes the
regolith up the inclined plane to the conveyor belt. This arrangement minimizes wear on
the belt from pushing directly into the regolith. Also, there is no torque on the end of the

belt since the cutting force acts on the inclined plane.

Conveyor Belt

Power Unit
Regolith Bin

Inclined Plane

Figure 10. INCLINED PLANE WITH CONVEYOR BELT
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Inclined Plane

Regolith Bin Power Module

Figure 11. INCLINED PLANE WITH SCARIFIER

The third inclined plane variation is shown in Figures 11 and 12. This inclined
plane is directly behind a loosening device. Figure 11 shows the loosening device to be a
scarifier and Figure 12 shows the loosening device to be an auger. The auger moves the

regolith to a central narrow area, which reduces the width of the inclined plane.

Inclined Plane

Regolith Bin Power Module
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Figure 12. INCLINED PLANE WITH AUGER



The inclined plane uses extremely simple components, has no moving parts, and is
reliable. The only disadvantage of this system is that it needs high traction from the power
vehicle to function effectively. Much of the regolith is pushed in front of the plane instead
of being forced up the incline. This increases the force resisting motion which may make

the vehicle may slip.

4.2.3 Bucketwheel

A bucketwheel collector is shown in Figure 13. The arm from the MDU to the
bucketwheel is used to support the bucketwheel. Since the bucketwheel cuts deep into the
regolith, the loosening stage is unnecessary. The bucketwheel can also be placed behind or
beside the MDU.

An advantage of the bucketwheel is that it is used widely on Earth. Its well
developed technology makes the bucketwheel collector reliable. However, the bucketwheél

collector has a large mass and volume and is not composed of simple components.
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Figure 13. BUCKETWHEEL
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4.3 Transporting

Transporting equipment is needed to move the collected regolith from the
excavation site to the processing site. The alternatives considered for transportation

equipment were

1) Lunar Lander

2) Conveyor Belt
3) Cable Tram

4) Load-Haul-Dump

Each transportation alternative will be described and its advantages and

disadvantages discussed.

4.3.1 Lunar Lander

A lunar lander, shown in Figure 14, will be used at the lunar base to provide
transportation between the lunar base and lower lunar orbit. It can also be used to transport
regolith from the excavation site to the processing plant. The regolith bins can be placed on
top of the lander or be attached to the sides of the lander.

One advantage of the lunar lander is its high speed, which is especially useful for
transporting over long distances. Another advantage is that the problem of traveling over
difficult terrain is bypassed. Also, the lunar lander is multipurpose since it will also be
used for transporting supplies and crew members to and from lower lunar orbit. The major
disadvantage of the lander is that it has very high power consumption. The lander also has
a small cargo area relative to trucks and therefore needs to make many trips to and from the

processing site.
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Figure 14. LUNAR LANDER

4.3.2 Conveyor Belt

A conveyor belt transporter consists of a long belt running on several rollers driven
by a motor. Collected regolith is dumped onto the receiving end of the conveyor belt and
moved to the other end of the belt, where the regolith either falls onto a second conveyor
belt or into the processing site storage area (see Figure 15). Compared to a single conveyor
belt that runs several kilometers, several shorter conveyors joined end-to-end are easier to
relocate.

The major advantage of the conveyor belt system is that it transports a high volume
of regolith continuously. Also, once the conveyor system is set up, it works well in all
types of terrain. In addition to transporting regolith, the conveyor belt can be used to
transport he maintenance‘ crew and life support supplies to and from the excavation site.
Finally, the conveyor supports can suspend electrical cables that supply power to the

excavation equipment.
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Figure 15. CONVEYOR BELT TRANSPORTER

There are, however, a number of disadvantages. First of all, initial installation for
the conveyor belt requires much time and work. Also, once the system has been installed,
it is not easy to move. Because of the extent of the initial installation work, the conveyor
belt system is not suitable for transporting over long distances. Finally, the conveyor belt
system is not modular and has many moving parts that must be shielded from radiation and

the abrasive lunar dust.

4.3.3 Cable Tram

Another continuous transporting machine is the cable tram system shown in Figure
16. The system has a series of posts supporting several long cables on which trams travel.
The tram lines are driven by a large motor. The cable slows down and speeds up cyclically
to load and unload regolith from the trams.

Cable trams have essentially the same advantages and disadvantages as the
conveyor belt system. However, cable trams are simpler than a conveyor system. A
drawback of the cable trams is that they are not as continuous as conveyors since there is a

discrete interval of time between trams.
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Figure 16. CABLE TRAM

4.3.4 Load-Haul-Dump

A load-haul-dump (LHD) is a machine capable of loading, hauling, and dumping
regolith. The loader is a hydraulic shovel on the front end of the LHD. The shovel collects
the loosened regolith and dumps it into a walled bed on the back of the LHD. Once the bed
is full, the LHD hauls the regolith back to the processing site and dumps the regolith.
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Figure 17. LOAD-HAUL-DUMP

Two variations of the LHD were considered. The first variation is shown in Figure
17. The shovel is permanently connected to the front of the equipment. The main
disadvantage of this arrangement is that when the LHD is transporting the regolith to the
processing plant, the shovel must be transported as well. This not only wastes energy by
needlessly transporting the shovel to and from the processing site, but ensures that no
collecting can take place during transporting.

The second variation of the LHD, shown in Figure 18, has a front loading shovel
that can separate from the rest of the machine. When only transporting is required, the
shovel unit can be detached. Another MDU can then be attached to the shovel unit to
perform collecting or loading tasks. Therefore, several haul-dump (HD) units can share a
common shoveling unit.

The most important advantage of the LHD is that it is multipurpose. The LHD can
be used in other construction tasks, such as road and habitat construction. The LHD can
also adapt well to different mining conditions. It can easily move from one excavation site

to another and is useful in both highland and marial regions.
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Shovel Module Haul-Dump Module

Figure 18. MODULAR LOAD-HAUL-DUMP

The major disadvantage of the LHD is that more than one haul-dump unit is
required to make the excavating and transporting process continuous. Otherwise,
collecting must stop while the collected regolith is transported to the processing site.

Having more than one HD unit increases the mass and volume of this alternative.



Design Solution

The design team selected the scarifier to loosen regolith, the bucket conveyor to
collect regolith, and the haul-dump unit to transport regolith. The decision matrices used to
make these choices are shown in Appendix B. The calculation of all dimensions and power
requirements is shown in Appendix C.

The complete design is shown in Figure 19. The scarifier and bucket conveyor
are connected to one MDU and the regolith bin used for transportation is attached to another
MDU. The scarifier has a variable depth of cut and organizes the regolith into a row to
make collection easier. The depth of cut is varied by a rack and pinion gear system. The
bucket conveyor is powered by a motor that receives electrical energy from the MDU.

The MDU is powered by fuel cells. Functioning modules can mechanically
attach to the MDU. The MDU provides electrical power to the functioning modules
through electrical cables.

The design uses hemispherical wheels as the drive mechanism. Cooling is achieved
through heat radiation to deep space. The materials selected for the equipment are the
titanium alloy Ti-6Al-4V and the aluminum alloy Ceralumin ASM. High stress applications
will use Ti-6Al-4V while low stress applications will use Ceralumin ASM. The equipment

is controlled through tele-operation from the lunar base.

5.1 Operation

The complete excavation and transport system is shown in Figure 19. The MDU
consists of four wheels, a frame, and fuel cells. Functioning modules of the MDU, such
as the regolith bin and the scarifier/bucket conveyor assembly, are permanently attached to

frames that can mechanically attach to an MDU.
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Figure 19. COMPLETE DESIGN

The scarifier loosens by disrupting the regolith. The scarifier is followed by
scrapers that push the loosened regolith into an aisle. Next, an inclined plane attached to
the bottom of the bucket conveyor funnels the regolith upward and into an even narrower
aisle. The bucket conveyor moves the regolith from the top of the inclined plane to the
regolith bin.

The overall power of the excavation and transportation system can be minimized by
using five HD units (see Appendix C). At any time, one HD unit is following the
scarifier/conveyor belt assembly while four HD units are moving regolith to and from the
processing plant. The HD unit behind the scarifier/conveyor assembly is powered

independently. If necessary, the HD unit can be used to provide extra traction.
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5.2 Loosener

A scarifier was selected to loosen the regolith. Scrapers are attached to the scarifier
to push the regolith into a central aisle. The regolith is put into an aisle for two reasons.
First, the collector can be narrower and smaller than would otherwise be possible, which
decreases the equipment mass. Secondly, the buckets of the bucket conveyor fill easier

when the regolith is organized into a row.

5.2.1 Selection

The alternatives considered for loosening the lunar regolith were a bladed roller,
explosives, an auger, and a scarifier.

Explosives were eliminated because they are untested on the moon and are
potentially dangerous. The auger was eliminated for two reasons. First, the stationary
auger will not loosen effectively. The regolith will pile up in front of the auger rather than
move through the threads of the auger blade. Secondly, the power requirement of the
rotating auger will be very high. The bladed roller was eliminated because it will not
loosen effectively. The blades will not cut deep enough into the surface since the resistance
force from the regolith will push the blades out of the lunar surface. If more mass is added
to the bladed roller, there will not be enough power available for the roller to move
forward. The scarifier was selected since it is reliable, simple, and effective. Also, the

scarifier does not have the disadvantages of the other alternatives.

5.2.2 Configuration

The scarifier is a platform of blades that is dragged between the power module and

bucket conveyor. The scrapers are attached behind the scarifier blades (see Figure 20).
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Direction of Travel
S————-

Rack and Pinion Gear Set
Input Shaft

Support for Rack Gear —\ 1 /- Conveyor Frame

Support Linkage

Scarifier Platform

Scraper —/

Figure 20. SCARIFIER LOOSENER

The support linkage shown in Figure 20 are coil springs. During operation of the
scarifier, the linkages offer lateral support to the scarifier while allowing the scarifier to
move up and down. The scrapers shown in Figure 21 are located just behind the blade
platform and organize the loosened regolith into a central aisle. The scarifier blades are

detailed in Figure 22.
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FIGURE 21. SCARIFIER PLATFORM DIMENSIONS.

Blade

FIGURE 22. SCARIFIER BLADE DIMENSIONS.



5.2.3 Mass
The total mass of the scarifier is 184.8 kg. The mass of the separate scarifier

components is shown in Table 2.

Table 2

Breakdown of Mass of Scarifier Components

Mass

Parts (kg)
Blades 6.5
Platform 53.2
Scrapers 35.1
Miscellaneous * 90.0
Total 184.8

* estimation of mass for support linkages, gears,
nuts, bolts, etc.

5.2.4 Attachment

The support linkages attach the scarifier to the frame of the bucket conveyor.
Hooks at the ends of the coil springs attach to pins on the conveyor frame. Telescoping
supports are placed within the coil springs to prevent buckling when the platform is raised.

The telescoping support rotates about the pin when the platform depth is varied.
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5.2.5 Operation

The scarifier is dragged through the regolith like a rake. The regolith is disrupted
by the blades and is forced into an aisle by the scrapers.

The scarifier has a variable depth of cut. The advantage of having a variable depth
of cut is that if vehicle traction is lost, the platform can be raised to decrease the force
resisting motion. In addition, the platform can be raised to avoid large rocks in the
regolith. Depth is varied by rotating a gear on the input shaft as shown in Figure 24. The

input shaft must be held stationary while the scarifier is loosening.

Direction of Travel
————————
Rack Gear
Pinned Joint
Support for Rack Gear —-\ /— Conveyor Frame
L |
- Support Linkage

Scarifier Platform
Telescoping cylinders —J

Figure 24. CONNECTION OF SCARIFIER TO FRAME
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5.3 Collector

The collector selected is a bucket conveyor. The bucket conveyor is powered by a
motor that receives electrical energy from the MDU. The bucket conveyor connects
mechanically to the MDU. An inclined plane is attached to the bottom of the conveyor to
force the loosened regolith onto the conveyor and into the buckets. The combined action of
the scarifier scrapers and inclined plane of the bucket conveyor allows for a bucket

conveyor of minimal width.

5.3.1 Selection

The four alternatives for collectors were the front-end loader, bucketwheel, inclined
plane, and conveyor. The front-end loader was eliminated because it is time inefficient.
The front-end loader can either be picking up regolith or moving regolith to the storage
area, but not both. Also, the front-end loader requires precise control and so needs
constant supervision. The lunar outpost will not have enough people available to have one
person constantly controlling the front-end loader.

The inclined plane collector is not feasible because there is insufficient traction
available on the moon. The inclined plane moves regolith forward as it is moving regolith
up the inclined plane. The force required to move the regolith forward directly opposes
traction and will cause the collector to slip.

A bucketwheel requires a conveyor belt to move regolith away from the
bucketwheel to the storage area. Since the bucketwheel alternative includes a conveyor, it
has the disadvantages of both the conveyor plus the disadvantages of the bucketwheel
itself. Therefore, the bucketwheel was eliminated in favor of the conveyor.

The conveyor, however, also has a major drawback. The angle the conveyor

makes with the ground may not exceed the angle of repose of the regolith (about 45°) or
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else the regolith will not move up the conveyor. In order to resolve this problem, the
design team chose the conveyor alternative and added buckets to the conveyor. The
buckets do not greatly increase the power requirements of the conveyor, yet allow the
conveyor to be tilted at angles greater than the angle of repose of the regolith.

A short inclined plane (not shown) is attached at the bottom of the bucket conveyor
to move the regolith up to the bucket conveyor. A short inclined plane does not push
enough regolith forward to caﬁse traction failure. Also, the inclined plane funnels the
regolith into a narrower path to allow the use of a smaller bucket conveyor than could

otherwise be used.

Power Source Bucket Conveyor

Wheel

Figure 25. BUCKET CONVEYOR COLLECTOR
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5.2.2 Configuration

The bucket conveyor is shown in Figures 26 and 27. The conveyor is powered by
an electric motor that gets its energy from the MDU. The motor turns the powered sprocket
which drives four chains. Buckets are attacked to the chains. Since the size of the buckets
is large relative to the radius of the sprockets, the buckets are hinged so that they can travel
around the sprockets. The hinged buckets do not need to bend around the radius of the
sprocket, but only stay attached to the hinge as it moves around the sprocket. The entire

conveyor belt arrangement is attached to a frame that can attach to an MDU.

Powered Sprocket

Bucket

Attachment Frame

Electrical Motor

Figure 26. CONFIGURATION OF BUCKETWHEEL CONVEYOR
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Figure 27. DIMENSIONS OF BUCKET CONVEYOR

5.3.3 Mass
The mass for the different components of the bucket conveyor is shown in Table 3.
The miscellaneous parts category accounts for the number of smaller parts that are part of

the bucket conveyor.

43



Table 3

Mass of the Bucket Conveyor

Parts Mass (kg)
Chains 47
Pulleys 162
Buckets 259
Miscellaneous 70

Total 538

* estimation of mass for support linkages, gears,
nuts, bolts, etc.

5.3.4 Power Transmission

Electrical energy from the MDU is used to power the motor for the conveyor.
Power must be transmitted from the turning motor shaft to the powered roller of the
conveyor. The two main devices used to transmit torque from one location to another are
gears and flexible elements. Gears are very rugged and durable. Their power transmission
efficiency is as high as 98 percent. However, gears are massive and more expensive than
flexible elements.28

Flexible elements include belts and chains. Flexible elements permit power to be
transmitted between shafts that are separated by a large distance. Flexible elements are a
light-weight means to transmit torque from one location to another.?

Flexible elements are a better choice than gears for use on the bucket conveyor since

gears are relatively mass intensive. Flexible elements are best for transmitting power over a
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large distance, which is a requirement for the bucket conveyor. Chains are easier to repair
than belts. If a link in a chain breaks, only that link needs to be replaced. If a belt breaks
the entire belt must be replaced. Belts are usually used for either high-speed machines or
for short distances. Therefore, chains were chosen to transmit power from the motor to the

powered roller of the conveyor.

5.3.5 Storage Area

The regolith storage area can either be in the form of a rigid bin or a bag.
Normally, rigid bins will be used as the storage area since vthey are easy to connect and
disconnect for transportation purposes. Also, bins are mechanically simple and can carry a
large volume of regolith. By contrast, bags are difficult to fill and difficult to connect to
transportation vehicles. Bags can only contain a limited volume of regolith. However, the
advantage of using bags is that they can be used directly for radiation protection of the
habitat. By filling the bags directly, a step between excavation and placement of the
regolith bags is eliminated. Furthermore, no additional equipment is required to fill the
radiation protection bags.

The design team decided to use bins since bins will be needed for most of the time

the excavation and transport equipment will be operating.

5.3.6 Operation

The bucket conveyor is located directly behind the scarifier. The inclined plane
moves the regolith up to the bucket conveyor. The bucket conveyor turns continuously to
move the regolith from the inclined plane to the top of the conveyor. At the top of the

conveyor, the regolith falls off of the conveyor into the storage area.
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5.4 Transporter

The haul-dump (HD) was selected to transport the collected regolith. The HD is the
LHD without the front-end loader. The front-end loader is not necessary since another

collector, the bucket conveyor, has been selected.

5.4.1 Selection

The four alternatives for transportation equipment were a lunar lander, conveyor
belts, cable trams, and a haul-dump system. The lunar lander was eliminated because of its
extremely high power requirement. Up to ninety percent of the lunar lander weight is
propellant fuel.

Conveyor belts and cable trams are very similar. The main difference is that the
cable trams are simpler while the conveyor belts are more continuous. These two
alternatives were compared with the haul-dump system. Cable trams and conveyor belts do
not require much manpower once they are set up and can carry a large volume of regolith.
However, the cable trams and conveyors were eliminated due to their inflexibility to
changing excavation sites and complexity of set up. The haul-dump system was selected

because it is multipurpose and adaptable to different terrain.

5.4.2 Configuration

The HD consists of an MDU and a regolith bin. The MDU is discussed in section
5.5. The regolith bin attaches to the frame of the MDU as shown in Figure 28. The
regolith bin is shown in Figure 29. The bin is joined to the frame at the two corners of the
rear side by pinned joints. The front two corners are connected to the frame with locking
pins. When the pins are unlocked, the bin can be tilted by a hydraulic jack to unload the
regolith. The walls slant outward to make loading and unloading of the regolith easier.
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Antenna

Power Source

Figure 28. HAUL-DUMP SYSTEM

Figure 29. REGOLITH BIN

Regolith Bin
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5.4.3 Mass
The mass for the different components of the transportation equipment is shown in

Table 4.

Table 4

Mass of Transportation Components

Component Mass (kg)
Bin 103
Frame 145
Wheels 538
Control Unit 20
Fuel Cells 740
Total 1546

5.4.4 Operation

Once the regolith bin is full, the HD transporter hauls the regolith to the processing
plant. An empty HD transporter takes the place of the full HD transporter. At processing
site, a hydraulic jack will tilt the transportation bin to unload the regolith. The empty

transportation bin is then returned to the excavation site to follow the collector module.
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5.5 Power Requirements

The excavation unit requires about 22 kW while the transportation unit requires
about 35 kW. The power requirements were determined assuming a rate of collection of
62.5 m3/hr, an excavation speed of 0.25 m/s, a depth of cut of 0.15 m, a load of 1960 kg
for the transporter, and a speed of 14 m/s for the transporter. |

The power required for the excavation unit is the sum of the power required for
loosening and collecting. The power required for the transporter is the sum of the power
lost due to friction, wheel deformation, and drawbar-pull. Drawbar-pull is power required
beyond the power requirement for motion. For example, drawbar-pull will be needed for

accelerating and moving up inclines.
5.6 Main Drive Unit

Each function module requires electricity to work. Electricity is needed to power
the motor of the conveyor bucket, to move the scarifier up and down, and to move the
transportation bins. The MDU consists of the power source, function module attachment,
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